Streptococcus pneumoniae and Neisseria meningitidis are pathogens that frequently colonize the nasopharynx in an asymptomatic manner but are also a cause of invasive bacterial infections mainly in young children. The complement system plays a crucial role in humoral immunity, complementing the ability of antibodies to clear microbes, thereby protecting the host against bacterial infections, including S. pneumoniae and N. meningitidis. While it is widely accepted that complement deficiencies due to rare genetic variants increase the risk for invasive bacterial infection, not much is known about the common genetic variants in the complement system in relation to disease susceptibility. In this review, we provide an overview of the effects of common genetic variants on complement activation and on complement-mediated inflammation.
Introduction
The complement system has an essential role in the protection against invading bacterial pathogens, which is clearly illustrated in patients with complement deficiencies who have an increased risk to develop invasive bacterial infections [1] . On the other hand, the development of complement evasion mechanisms by human pathogens to enable prolonged persistence also highlight the important role for complement in the eradication of bacterial pathogens [2] . However, besides mutations causing complement deficiencies, common single nucleotide polymorphisms (SNP) and combinations thereof, also named the "complo type," can potentially have a role in disease susceptibility [3] . The aim of this review is to provide an overview of the effects of common SNPs in the complement system on complement activation, Toll-like receptor (TLR) crosstalk, and the interindividual differences in susceptibility for infection with Streptococcus pneumoniae and Neisseria men ingitidis used as examples. We will give a short overview regarding pathogen immune evasion mechanisms and host complement deficiencies leading to susceptibility for infections by these pathogens. Finally, we will give our view population is asymptomatically colonized by the meningococcus in the nasopharynx, which peaks at 23% in adolescent and young adults, but can be up to 70% in crowded settings [14, 16, 17] . In about 1 per 100,000 inhabitants in Europe, the meningococcus can migrate to the bloodstream and/or the cerebral spinal fluid causing invasive meningococcal disease (IMD).
Similar to pneumococcal vaccines, meningococcal vaccination-induced antibodies activate the classical complement pathway that, in conjunction with the AP, is important in protection against N. meningitidis infections [18, 19] .
Complement Evasion Mechanisms
During colonization and invasion, bacterial pathogens are exposed to the bactericidal activity of the complement system. As a result of this selective pressure, bacterial pathogens have developed mechanisms to evade this antimicrobial activity, highlighting that alterations in complement activity can tip the balance toward an advantage for the pathogen. A complete overview on S. pneumoniae complement evasion mechanisms has recently been summarized by Andre et al. [20] . Here, we have highlighted a few key mechanisms as examples (Fig. 1) .
The polysaccharide capsule is a major virulence factor that limits binding of complement on the pneumococcal surface and prevents interaction of surface-bound complement with receptors on host cells. Furthermore, the capsule inhibits binding of C-reactive protein (CRP), which is important for initiating complement deposition on the bacterial surface [21] .
Next to the capsule, S. pneumoniae expresses multiple proteins that bind human complement regulatory proteins such as factor H and C4 binding protein [22] [23] [24] , whereas others prevent binding of, for instance, CRP and factor B [25, 26] . Secretion of pneumolysin is thought to result in systemic complement activation and consumption, thereby preventing complement deposition to the bacterial surface [27, 28] . There are multiple pneumococcal moonlighting proteins (endopeptidase, alpha-enolase, glyceraldehydes-3-phosphate dehydrogenase, phosphoglycerate kinase, and Elongation factor Tu (Tuf)) described that are able to bind plasminogen to cleave C3/ C3b to interfere with complement opsonization [29] [30] [31] [32] [33] .
Similarly to S. pneumoniae, N. meningitidis also has a protective capsule and is able to bind factor H or C4 binding protein to its bacterial surface [34] [35] [36] , thereby preventing complement activation. NalP is a serine protease autotransporter that cleaves C3, 4 amino acids upstream of the normal cleavage site. This produces a shorter C3alike fragment and a longer C3b-like fragment that is degraded, resulting in a lower deposition on the bacterial surface [37] .
In addition, N. meningitidis has strategies that prevent insertion of the membrane attack complex (MAC). Meningococcal surface fibril and outer membrane protein Opc have been identified as vitronectin binding proteins, which are a soluble complement regulator from the host that bind to C5b-7, thereby preventing insertion of the complex into the bacterial membrane [38, 39] .
The Complement System
As mentioned above, bacterial pathogens are able to prevent complement activation through various routes, but how is human complement activated and regulated. The complement system is an essential innate immune surveillance system forming an important line of defense against invading microbes [40] . The complement system consists of 3 different pathways of activation: the classical pathway (CP), the lectin pathway (LP), and the AP (Fig. 2 ). Activation of one of these pathways leads to op-sonization of the bacterium with C3b for phagocytosis, release of anaphylatoxin C3a and chemo-attractant C5a, and lysis of Gram-negative bacteria through the MAC, called the terminal pathway (TP).
The CP is activated by C1q binding to mainly CRP, IgM, or IgG bound to the bacterial surface [41] . Once activated, CP C3 convertase C4b2a is formed, which cleaves C3 into C3a and C3b [40] . The LP C3 convertase is similar to the CP C3 convertase, although activation of the LP starts when Mannan-binding lectin, ficolins, and/or collectin 11 recognize specific sugar patterns on the bacterial surface [42, 43] . The AP can be activated spontaneously in fluid phase via hydrolysis of C3 to C3(H 2 O), a process known as tick-over [40] . Another important function of the AP is the amplification of C3b deposition via factor B that binds to C3b resulting in the formation of an AP C3 convertase C3bBb [40, 44] .
Deposition of C3b on the bacterial surface is an important signal required for effective phagocytosis of the pathogen [40] . In addition, C3b can bind to C3 convertases leading to the formation of a C5 convertase that cleaves C5 into the chemoattractant C5a and C5b. C5b together with C6, C7, C8, and C9 form the MAC that can lyse specifically Gram-negative bacteria directly. 
TLRs and Complement
Germline encoded pattern recognition receptors (PRRs) form another innate immune surveillance system for the initial detection of microbes. PRRs recognize microbe-specific molecular signatures known as pathogen-associated molecular patterns and autologous derived molecules from damaged cells, referred to as damage-associated molecular patterns [45] . The innate immune system has several classes of PRRs from which the TLRs are the best characterized. Activation of TLRs initiates downstream signaling, resulting in cytokine and chemokine production, essential to direct the immune response and for the recruitment of other immune cells to the side of infection [46] . S. pneumoniae mainly activates TLR2 and TLR4 [47, 48] . It has earlier been described that there is crosstalk between the complement system and the TLR signaling [49] .
In a recent study, it was shown that small differences in human factor H serum levels can have large effects on complement-dependent opsonophagocytic killing of S. pneumoniae [50] and cytokine release by peripheral blood mononuclear cells (PBMCs), which were dependent on TLR-and C5a-mediated costimulation [51] .
Rare Genetic Variants and Susceptibility to Pneumococcal and Meningococcal Disease
SNPs in complement factors, such as C5 (rs17611) and C3 (rs2230199), can lead to reduced levels or function of complement factors. These genetic variants can potentially increase the risk of infection with bacterial pathogens and the risk for other diseases, such as autoimmune disease (e.g., systemic lupus erythematosus) and malig- nancies. In this review, we focus on the effect of rare genetic variants in complement and the susceptibility to bacterial diseases. For a more extensive overview of rare genetic variants in complement genes and their association with invasive bacterial infections, see recent review by Goicoechea de Jorge et al. [52] .
Due to codominant expression, heterozygous complement deficiencies often do not lead to an increased risk for infections. Therefore, most complement deficiencies are rare, but there are some exceptions, such as X-linked properdin deficiency and autosomal dominant C1-inhibitor deficiency [1] . Homozygous complement deficiencies can result in increased risk of infections. The frequency of these mutations is low, but prevalence differs in populations of different ethnic background [1] .
Patients with CP deficiency have an increased susceptibility for S. pneumoniae infections. For instance, patients with mutations in C1q/C1r/C1s, important for pathogen opsonization, are at an increased risk of infection with bacterial pathogens including S. pneumoniae [53] . The majority of patients with a homozygous C2 deficiency suffer from infections with S. pneumoniae [54] , and C4-deficient patients have an increased risk of infection by S. pneumoniae as well.
Patients with LP deficiencies can also have increased susceptibility to infections with S. pneumoniae. In animal models, ficolin-and MASP-2-deficient mice are more susceptible for S. pneumoniae infections [55, 56] . However, ficolin deficiencies in humans seem not directly associated with increased susceptibility for S. pneumoniae infections [57] , but the occurrence of invasive pneumococcal disease was confirmed in patients with MASP-2 deficiencies.
Patients with AP deficiencies have a markedly increased risk for meningococcal infections, but invasive pneumococcal infections are also observed. The first patient with an AP complement deficiency was a patient with a properdin deficiency and fulminant meningococcal disease [58] . Patients who completely lack properdin have a 250 times higher incidence of invasive meningococcal infections compared to the general population [59] . Factor D-deficient patients have an increased risk for meningococcal and pneumococcal infections, likely because the speed of complement activation due to the lack of the AP amplification is lowered, giving the bacterial pathogens the ability to outgrow the clearance by the complement system [60] [61] [62] [63] .
All 3 activation pathways converge at the cleavage of C3 into anaphylatoxin C3a and C3b, which is deposited on the bacterial surface. C3 deficiency can be caused ei-ther by a polymorphism in the C3 gene itself or by a polymorphism in factor H or factor I, which are regulators of the AP, leading to unregulated complement activation and consumption of C3 resulting in a secondary C3 deficiency [64] . Deficiency of C3 is associated with recurrent infections by many bacterial pathogens including S. pneu moniae [64] .
Meningococcal infections are especially seen in patients with mutations in their TP such as C6, C7, and C8 [65] . In the case of C9 deficiency, the increase in susceptibility is far less than the other TP deficiencies. Despite C9 deficiency, the C5b-8 is still able to form a complex that gives some lysing activity, albeit this was 100-fold slower than normal human serum [1] .
Common Genetic Variants and Susceptibility to Bacterial Infections
Rare genetic variants in many complement factors clearly increase the risk for infections with S. pneumo niae or N. meningitidis. However, common SNPs and gene cluster deletions are also known to affect complement activity, albeit to a lesser extent than complement deficiencies. Changing the balance toward complement activation may be beneficial to combat pathogens such as S. pneumoniae and N. meningitidis, but this also increases risk for chronic inflammatory conditions (Fig. 3) . SNPs related to an increased complement activation are more often seen as compared to SNPs associated with reduced complement activation. This indicates that from an evolutionary perspective, increased complement activity is driven by positive selective pressure, despite the fact that this will result in an increased risk for chronic inflammatory diseases [3] . A documented example of evolutionary selection was described several decades ago by de Vries et al. [66] . In the 19th century, Dutch immigrants to Surinam were soon after arrival afflicted by typhoid and yellow fever, diminishing their numbers to 60%. The descendants of these survivors had a higher prevalence for active complement C3 allele, compared to the source Dutch population, showing evidence that pressure by infection resulted in selection of this infection-protective complement C3-variant [66] .
Common genetic variants within the complement system are mainly identified by genome-wide association studies (GWAS), in which a patient cohort is compared with a healthy cohort to identify SNPs associated with disease. To date, no GWAS has been published on pneumococcal disease susceptibility. Therefore, we start with examples from GWAS studies aimed to identify SNPs associated with N. meningitidis disease susceptibility and a genetic association study between complement factor H polymorphism and S. pyogenes infections. Despite the increasing interest in the complement system in disease susceptibility, only very few common genetic variants are functionally characterized.
Neisseria meningitidis
In a large study performed in children with IMD, SNP rs1065489 in factor H and SNP rs426736 in factor H-related 3 were associated with a higher chance to develop IMD [67] . In another study, Lorés-Motta et al. [68] performed a GWAS to identify common SNPs associated with complement activity. They measured systemic complement activity by C3d/C3 for over 2000 serum samples from healthy individuals and patients with age-related macular degeneration (AMD) and performed a GWAS to identify SNPs associated with higher complement activity. SNP rs3753396 in factor H and SNP rs6685931 in factor H-related 4 were associated with increased systemic complement activity [68] . In earlier studies, SNP rs3753396 was found not only to be protective for meningococcal disease, but also to be associated with increased risk for AMD [69, 70] , highlighting the balance between complement-mediated protection and chronic inflammation ( Fig. 3 ). Next to common SNPs in factor H gene, complement factor H gene cluster deletions are also common. For instance, a haplotype carrying a deletion of fac-tor H-related 1 (CFHR1) and CFHR3 is present in 20% of individuals, but occurrence is lower in patients with AMD, indicating that absence of this gene cluster is associated with a lower risk for the development for AMD [71] . Vice versa, deletion of CFHR1 and CFHR3 is associated with an increased risk for atypical hemolytic uremic syndrome (aHUS) [72] . However, no data regarding an association with deletion of CFHR1 and CFHR3 and susceptibility for infections with N. meningitidis or other bacterial pathogens have been demonstrated to date.
Streptococcus pyogenes
One clear example where a common SNP affects complement activity is the Y402H polymorphism in factor H [73] [74] [75] . Patients with a homozygous risk allele have a 7-fold higher chance of getting AMD.
In later studies, the factor H 402H variant was shown to be associated with increased group A streptococcal killing in blood due to reduced binding of the factor H 402H variant to the bacterial surface compared to factor H 402Y and that allele 402H is suggested to be associated with protection from erysipelas and streptococcal tonsillitis [76, 77] . Whether this factor H variant has an effect on meningococcal complement evasion or association with disease susceptibility has thus far not been demonstrated.
Streptococcus pneumoniae
Common SNPs in complement genes may impact the risk on pneumococcal disease as well. In a GWAS study on patients with community-acquired bacterial meningitis, an SNP (rs17611) in C5 was linked to disease outcome of pneumococcal meningitis [78] . It was found that C5 can be cleaved by neutrophil elastase and that SNP rs17611 in C5 increased cleavage of C5 by 6-fold in vitro, thereby lowering total C5 levels in blood [79] .
Most SNPs identified to date affecting complement activity are not associated with infectious diseases but with AMD or aHUS [80, 81] . There is an ongoing active debate whether a specific S. pneumoniae-induced form of HUS exists or not [82] [83] [84] . Pneumococcal HUS is diagnosed in ∼5% of HUS patients in which it is hypothesized that removal of sialic acid from cell surfaces by excreted S. pneu moniae neuramidases exposes the Thomsen-Friedenreich crytantigen (T-antigen) enabling preformed IgM antibodies to react and cause aggregation in thrombotic microagiopathy and aggregation in microcirculation. However, there is support for a role of complement SNPs in pneumococcal HUS. Five pneumococcal HUS cases were described, and in all patients, both rare and common genetic variants in complement genes were found [83] . These included comple-J Innate Immun 2020;12:131-141 DOI: 10.1159/000500545 ment factor H Y402H and E936D, which were previously reported to be associated with meningococcal disease susceptibility [67] , complement factor B rs12614 that was previously associated with AMD [85] , a haplotype carrying a deletion of CFHR1 and CFHR3 [72] , and aHUS risk haplotypes in complement factor H H3 and MCPggaac [86, 87] .
Therefore, we postulate that the genetic background predisposing to aHUS results in overactivation of the complement system upon infection with the pneumococcus and other pathogens. Thus, the aHUS-associated genetic variants in the complement system seem to result in an increased pneumococcal disease severity.
Complotypes Associated with Increased Susceptibility to Bacterial Infections
Besides examining single common SNPs, it is interesting to examine combinations of complement SNPs, also referred as the "complotype" [3] . The compound effects of multiple SNPs may have a larger functional effect on the complement pathway than the isolated effects of single SNPs. In 2012, Harris and co-workers showed that a combination of 3 common SNPs in complement factors C3 (rs2230199), B (rs641153), and H (rs800292) resulted in a 6-fold difference in complement activity [3] . This variation in the complement function is significant, and this compound effect deserves further study. A novel complotype composed of rs4151667 and rs641153 in factor B and rs800292 in factor H strongly associated with AMD and complement activation [88] .
Another way an SNP can influence the effect of factor H is by changing the plasma level. We showed that a 2-fold reduction in factor H in mice resulted in an almost 4-log decreased pneumococcal load in the blood [50] . These results were corroborated with human in vitro studies where a 2-fold difference in factor H resulted in a 3-fold difference in killing in a whole blood killing assay [50] . This study clearly showed a delicate balance in which human factor H levels can affect pneumococcal C3 opsonization and clearance.
The abovementioned complotypes and experiments have mainly focused on the AP. The complement system consists of > 40 proteins, which potentially could harbor multiple SNPs influencing complement activity. Therefore, other factors in the complement cascade may contribute to the overall complement activity of an individual person, and thereby affecting not only disease susceptibility but also their predisposition for chronic inflammatory diseases.
Effects of Complement SNPs on Inflammatory Response and Disease Severity
An effective inflammatory response is an important component of the host defense to bacterial infections. This is, for instance, illustrated clinically in patients with NEMO and IRAK-4 deficiency who have lowered initiation of the host inflammatory response and therefore increased risk of severe pneumococcal infection [89] . Differences in inflammatory responses have been shown to affect disease outcome. First, increased inflammation due to higher S. pneumoniae bacterial loads in the CSF is associated with increased mortality [90] . For N. meningiti dis, even with similar bacterial loads, increased inflammation as measured by peripheral blood cytokine levels was associated with poor disease outcome [91] , highlighting the importance of a balanced immune response.
Differences in complement activation also result in the differential release of anaphylatoxins and chemoattractants, such as C3a and C5a. The latter was found to be a prime factor in modulating costimulation of immune cells to release cytokines. Addition of recombinant C5a to human peripheral PBMCs stimulated with TLR ligands enhances cytokine production, whereas C5a without TLR ligands has almost no effect [92] . In addition, it has been demonstrated that C5a binding to its receptor, C5aR, modulates the inflammatory response induced by many bacterial pathogens [93] [94] [95] . Therefore, complement activation also contributes to the inflammatory response upon infection. We have shown that costimulation of TLRs with S. pneumoniae and C5aR with C5a, released after complement activation, boosted cytokine release by PBMCs [51] . In this assay, we demonstrated that doubling the level of factor H in serum, but still within the normal population range [96] , resulted in a 2-to 3-fold decrease in cytokine production due to a decreased complement activation and C5a release [51] .
Recently, Li et al. [97] showed that genetic variation in cellular immune genes can explain up to 50% of the variability in cytokine levels, irrespectively of complement activity. These authors suggest that there are genetic variations that may strongly regulate cytokine production in response to certain pathogens. Furthermore, their results imply that monocyte-derived cytokine quantitative trait loci are associated with susceptibility to infections [97] . This shows that genetic variations throughout the immune system can be involved in regulation of the immune response and bacterial clearance. Experiments that combine genetic predisposition for complement activity and inflammatory responses as measured by cytokine DOI: 10.1159/000500545 production by immune cells are a current focus of our research.
Conclusion
Complement deficiencies clearly increase disease susceptibility and outcome of both Gram-positive bacteria (e.g. S. pneumoniae and S. pyogenes) and Gram-negative bacteria (N. meningitidis) infections, but more recent data also support a potential link with common SNPs in genes coding for complement proteins and disease susceptibility. The compound effect of multiple complement polymorphisms, also called the complotype, may have a larger functional effect on complement pathway activity than isolated polymorphisms alone. Differences in complement activity also influence the inflammatory response through the release of anaphylatoxin C3a and che-moattractant C5a. On top of that, genetic predisposition for increased inflammatory cytokine production may play an important role in disease outcome.
In summary, the complement system works like a double-edged sword (Fig. 4 ). It is a trade-off between protection against infectious diseases and enhanced inflammation. Ongoing studies of the complotype and genetic variation in cellular immune genes will further increase the insight in the factors that determine pneumococcal disease susceptibility and outcome.
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